Objective: To investigate the influence of deep white matter hyperintensities (DWMH) and periventricular white matter hyperintensities (PVWMH) on progression of cognitive decline in non-demented elderly people. Methods: All data come from the nested MRI sub-study of the PROspective Study of Pravastatin in the Elderly at Risk (PROSPER). We performed a 3 year follow up study on 554 subjects of the PROSPER study using both repeated magnetic resonance imaging and cognitive testing. Cognitive decline and its dependency on WMH severity was assessed using linear regression models adjusted for sex, age, education, treatment group, and test version when applicable. Results: We found that the volume of PVWMH at baseline was longitudinally associated with reduced mental processing speed (p = 0.0075). In addition, we found that the progression in PVWMH volume paralleled the decline in mental processing speed (p = 0.024). In contrast, neither presence nor progression of DWMH was associated with change in performance on any of the cognitive tests. Conclusion: PVWMH should not be considered benign but probably underlie impairment in cognitive processing speed.
I
ncreasing age, cerebrovascular disease, and risk factors are associated with presence and severity of white matter hyperintensities (WMH) in the brain. 1 2 Although the clinical significance of these WMH remains to be fully elucidated, several cross sectional studies on the topic have found associations between the presence and severity of WMH and deficits in global and selective cognitive functioning. [3] [4] [5] [6] [7] Findings from longitudinal studies on the role of WMH in the aetiology of cognitive decline are conflicting. Some large longitudinal population based studies have reported that the presence of WMH at baseline is associated with the rate of cognitive decline. [8] [9] [10] However, few studies have examined longitudinal cognitive performance in combination with serial magnetic resonance imaging (MRI) measurements. [11] [12] [13] [14] In contrast with single MRI studies, most of these found no association between change in WMH and the course of cognitive functioning. [11] [12] [13] White matter hyperintensities can be localised to two anatomically distinct regions: (a) the area under the cortex (subcortical or deep; DWMH) and (b) the area adjacent to the ventricles (periventricular; PVWMH). The distinction between DWMH and PVWMH is of clinical significance as they have been associated with different clinical consequences. 5 15 So far, the progression of different types of WMH (deep and periventricular) in relation to longitudinal cognitive performance has not been studied in a large sample of subjects. 14 We undertook a 3 year follow up study with both repeated MRI and cognitive testing to investigate the association between the presence and progression of DWMH and PVWMH and cognitive decline in a large sample of non-demented elderly.
METHODS

Setting
The data in this report were drawn from the MRI sub study of the PROspective Study of Pravastatin in the Elderly at Risk (PROSPER), a randomised, double blind, placebo controlled trial to test the hypothesis that treatment with pravastatin (40 mg/day) reduces the risk of vascular disease in elderly patients with pre-existing vascular disease or with significant risk of developing it. 16 
Subjects
Inclusion and exclusion criteria of the PROSPER study have been described in detail elsewhere. 16 17 Briefly, men and women aged 70-82 years were recruited if they had either pre-existing vascular disease or a raised risk of such disease because of smoking, hypertension, or diabetes. Individuals with poor cognitive function at baseline (Mini Mental State Examination ,24) were not eligible to participate. Of the 1100 Dutch participants in the PROSPER study, 646 consented for this sub-study. From these original 646 subjects, 92 dropped out. Seven participants were claustrophobic during the first MRI and two did not undergo MRI due to technical problems. By the time of follow up, 40 subjects had died, 3 shad a contraindication for MRI, 6 had withdrawn informed consent, and 34 refused a second MRI because of claustrophobia or illness. In total, 554 subjects underwent MRI at baseline and follow up and had annual cognitive evaluation. The age range of the included subjects was 70-82 years at study entry. Loss of participants to follow up was studied. Compared with the follow up participants, those who dropped out performed worse on the Letter Digit Coding Test (LDCT) and Stroop test, had higher total WMH volumes, and were more likely to have a history of myocardial infarction. 80%) and fluid attenuated inversion recovery (FLAIR) images were obtained from all 554 subjects at baseline and after a mean (SD) follow up of 33 (1.4) months. MRI was performed on a clinical system operating at 1.5 T field strength (Philips Medical Systems, Best, The Netherlands).
Image acquisition
Image postprocessing
For postprocessing, the Dual Echo MR images were transferred to an offline workstation. Quantification of WMH volumes was performed using semi-automated software developed in house (Department of Radiology, Division of Image Processing). 18 By combining fuzzy clustering, connectivity rules and mathematical morphology, WMH segmentations were generated automatically. WMH were defined as hyperintense lesions on both proton density and T2 weighted images. WMH connected to the lateral ventricles were labelled as PVWMH. WMH not connected to the lateral ventricles were labelled as DWMH (fig 1) .
To correct for incidental inclusion of cerebrospinal fluid and grey matter, these automatically generated WMH segmentations were edited manually by two trained raters (DMJvdH and VHtD). Moreover, FLAIR hardcopies were used as a reference to rule out other pathogenesis and the entanglement of WMH with Virchow-Robin spaces. Infratentorial lesions (brain stem and cerebellum) were excluded.
To prevent the possibility of overreading WMH progression in a direct scan comparison setting, we analysed baseline and follow up MRI in random order. Fifteen MRI scans were segmented twice to assess the intra-rater and inter-rater reliability of the volumetric WMH measurements. Intraclass correlation coefficients for PVWMH and DWMH volumes were all .0.99. In addition, eight participants were scanned and rescanned (with repositioning) in one MRI session, a procedure that gives a measure of the reliability of the measurement of WMH change. Using the scan-rescan data, we found intraclass correlation coefficients of 0.90 for DWMH and 0.82 for PVWMH.
Other MRI measurements Incident brain infarction during follow up was assessed. Infarction was defined as a parenchyma defect seen on a FLAIR scan with the same signal intensity as cerebrospinal fluid and following vascular distribution.
Neuropsychological assessment
Cognitive functioning was assessed using a battery of cognitive function tests administered at baseline and at end of follow up. 19 The battery was designed to assess global cognitive functioning with a specific focus on memory and executive functioning. Memory functioning was estimated with the Picture Word Learning Test (PWLT). 19 Tests of executive functioning and attention included the LDCT and the abbreviated Stroop Color Word Test. 20 The PWLT was derived from the Fifteen Words Test, 21 originally described by Rey. In this test, 15 pictures are presented sequentially to the subject, who is asked to recall as many objects as possible. This process is repeated three times and, after 20 minutes, delayed recall is tested. The LDCT we used is a modification of the procedurally identical Symbol Digits Modalities Test, used to measure the speed of processing of general information. 19 The Stroop test has often been used to test selective attention and speed of processing; subjects are asked to successively read sheets with (a) colour names, (b) coloured patches and (c) colour names printed in incongruously coloured ink. In the latter, subjects have to name the colour of the word, not the word itself. In our analyses we used the average number of words generated in the three immediate recall conditions (PWLT imm ), the number of words generated in the delayed recall condition (PWLT del ), the number of correct digits for the LDCT, and time to complete the colour interference section of the Stroop test.
Statistical analysis
Statistical analyses were performed using SAS (SAS Institute, Cary, NC, USA). Summary statistics of cognitive test results and WMH measurements at baseline and follow up are reported as mean (SD). Baseline WMH measurements were split into three strata reflecting WMH severity (low, intermediate, high; appendix). These strata were specified for both DWMH and PVWMH separately. We then calculated difference scores at each subject's final visit (follow up minus baseline) for each cognitive test. Cognitive decline and its dependency on WMH severity was then assessed by comparison of these difference scores using linear regression models. To investigate whether progression of WMH was accompanied by an alteration in the rate of cognitive decline we repeated this procedure with strata based on change in WMH after 3 years of follow up.
One of the advantages of difference scores is that they are normally distributed, even when the original outcomes are not, thereby fulfilling a major condition for parametric analyses. 19 All analyses were adjusted for sex, age, education, treatment group, and test version when applicable. Furthermore, in the second analyses we also adjusted for incident brain infarction of the participants (n = 66) to estimate the independent effect of WMH on cognitive decline. The level of significance was set at p,0.05.
RESULTS
Subjects' characteristics at baseline are shown in table 1. Mean (SD) age of the 554 participants was 75 (3.2) years, and 44% were women. Mean (SD) age at which subjects left school was 15.5 (2.9) years. Table 2 presents the neuropsychological test results and characteristics of WMH for all subjects at baseline and at follow up.
To determine whether volume of WMH at baseline was related to rate of cognitive decline, the difference in cognitive performance over three years of follow up between WMH severity groups was studied. We found that a higher PVWMH volume at baseline was significantly associated with more time to complete the Stroop test-that is, reduced cognitive speed ( interval (CI) 1.91 to 8.29, p = 0.0018). There was also a trend toward those with the highest PVWMH load requiring more time to complete the Stroop compared with the subjects with low PVWMH load (mean difference 3.00, 95% CI 20.46 to 6.45, p = 0.090). Baseline DWMH volume was not associated with change in performance on any of the cognitive tests.
To determine whether progression in WMH volume was associated with rate of cognitive decline, we investigated the difference in cognitive decline between subjects with major, medium, or minor volume changes in WMH after 3 years follow up. A larger progression in total PVWMH volume was consistently associated with more time to complete the Stroop test (table 3; fig 2) . Compared with subjects with minor changes in PVWMH, subjects with medium changes needed more time to complete the Stroop test (difference 3.52, 95% CI 0.037 to 7.00, p = 0.048), as did subjects with major changes (difference 4.10, 95% CI 0.91 to 7.30, p = 0.012) (fig 2) .
After adjustment for incident brain infarction, the association between baseline PVWMH volume and performance on the Stroop test remained significant (p = 0.012), whereas the association between change in PVWMH volume and performance on the Stroop test was no longer significant (p = 0.13). However, when we repeated the latter analyses for subjects with no or minor WMH versus subjects with medium or major WMH we found a significant association between change in PVWMH and change in performance on the Stroop test (p = 0.045).
It could be argued that people with larger brains might have higher absolute WMH volumes. Therefore, we repeated all analyses with WMH volumes expressed as a percentage of parenchyma volume. All observed associations between larger PVWMH volumes and the increased time to complete the Stroop test remained unaltered. Moreover, when we analysed the data with continuous instead of three strata of WMH, both associations between larger PVWMH volumes and the increased time to complete the Stroop test remained, while all other associations were absent.
DISCUSSION
In the present longitudinal study we investigated the role of PVWMH and DWMH in the aetiology of cognitive decline. We found that the volume of PVWMH at baseline was longitudinally associated with reduced mental processing speed. Moreover, we showed that the progression of PVWMH actually paralleled the decline in mental processing speed. This indicates that PVWMH probably causes a decline in mental processing speed.
A number of studies have addressed the association between presence of WMH and cognitive impairment in elderly subjects. Speed of mental processing and attention were found to be mostly affected in the elderly.
5-7 22-24 When type of WMH was taken into account, the presence of PVWMH rather than DWMH was associated with the impairment of cognitive functions, in particular those cognitive functions that involve speed. 5 Our longitudinal findings are in line with these cross sectional observations.
There have been few investigation using both repeated cognitive and repeated WMH measurements, 11-14 most of which found no association between WMH progression and course of cognitive functioning. [11] [12] [13] In contrast with these findings, we observed a significant association between the progress in PVWMH volume and the decline in mental processing speed. Methodological differences might explain these contrasting results. Firstly, discrepancies may stem from the use of different scales to assess WMH. The negative studies by Schmidt, 11 Wohl, 12 and Wahlund 13 used visual rating scales, whereas we used a volumetric method to assess WMH. Volumetric WMH measurements are more objective and reliable, and thus provide a more accurate measurement of WMH. 25 Visual assessment of WMH progression has limitations and may lead to underestimation. 26 This underestimation of the progression of WMH volume might have contributed to inadequate power to detect the effect of WMH progression on cognitive functioning in earlier studies. Secondly, the Schmidt, 11 Wohl 12 and Wahlund 13 studies investigated total WMH in relation to cognitive functioning. As we distinguished between DWMH and PVWMH, it is therefore possible that the previous obscured effect of progress in PVWMH volume on cognitive decline could be revealed in our study.
So far, only Cook et al have observed an association between WMH progression and cognitive decline.
14 As in our present study, they used serial, quantitative MRI measurements of both PVWMH and DWMH. They found that, in a sample of 29 healthy elderly subjects, PVWMH progression was associated with performance on a verbal fluency and abstract reasoning task at follow up. Our current findings also suggest that PVWMH but not DWMH are an important factor in cognitive decline. The set of cognitive tests that were used in our investigation are different from the set used by Cook et al; however, both sets included tests that have often been used to measure speed of mental processing (that is, the Stroop and Trailmaking tests). In contrast to our findings, Cook et al found no association between the progression of PVWMH volume and a reduction of mental processing speed. The psychometric properties of the tests (the Stroop is more sensitive to changes in mental processing speed than the Trailmaking test) might account for these different findings. This applies especially for the short version of the Stroop that was used in the present study, because test duration has been shown to have a clearcut effect on age related differences. 20 Additionally, in other recent studies, the shorter version of the Stroop appears to be more sensitive. 27 The lack of statistical power could also play a role.
Our findings have a strong biological plausibility. White matter tracts support the functioning of the cognitive processes that reside within the different cortical and subcortical brain areas. 28 Damage to these tracts results in inefficient neural activity that could lead to, in the first instance, cognitive slowing rather than apparent cognitive dysfunction. Furthermore, reduced mental processing speed is repeatedly observed in multiple sclerosis, which is primarily a white matter disorder. [29] [30] [31] Why PVWMH but not DWMH are associated with cognitive decline is not clear. De Groot et al 5 proposed that DWMH might predominantly disrupt the short association fibres, also known as U or arcuate fibres, that link adjacent gyri. Periventricular WMH probably affect the long association fibres that connect the more distant cortical areas. It is relevant that a decrease in cognitive speed has been related to subcortical mechanisms. The ascending fibre system consisting of long white matter tracks to the cortex is thought to underlie attentional mechanisms and the speed and efficiency at which other cognitive tasks are executed. The connections to and from the prefrontal cortex are important. 32 Performance on the cognitive tests that are generally used for clinical research depends more on the connection between multiple cortical areas, which are not necessarily adjacent, and thus depends mainly on the long association tracts.
There is a sequence in cognitive decline at old age. In the elderly, reduced cognitive speed is thought to manifest itself first, while other cognitive domains, such as memory, remain relatively intact until the later stages of cognitive decline. [32] [33] [34] Our findings are in line with this sequence. We found that, in a sample of initially cognitive healthy subjects, the progression of PVWMH volume was associated with reduced cognitive speed, but not with memory.
Our study benefits from the large series of baseline and follow up scans and neuropsychological evaluations that were analysed to measure both change in WMH and cognitive functioning over time. Moreover, we used a reliable semiautomated volumetric method of quantifying DWMH Table 3 Comparison of strata of baseline DWMH and PVWMH with change in cognitive functioning, and of change in total DWMH and PVWMH volumes with change in cognitive functioning. and PVWMH. The limitations of this study include the relatively short follow up period. With short follow up periods both cognitive decline and WMH progression are likely to be small, therefore, the association between WMH and cognitive decline might have been underestimated. However, it is therefore even more striking that we found an association between WMH and reduced mental processing speed.
In conclusion, in the present study we found supporting evidence for the role of PVWMH as a causal factor in the decline of cognitive speed. We therefore suggest that PVWMH in elderly subjects should not be considered benign. 
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